The EMBRYONIC FLOWER (EMF) 1 gene has been shown to be necessary for maintenance of vegetative development. To investigate the molecular mechanism of EMF1-mediated plant development, we screened EMF1-interacting proteins and identified 11 candidate proteins using the yeast two-hybrid system. Among the candidate genes, three EMF1-Interacting Protein (EIP) genes, EIP1, EIP6 and EIP9, are predicted to encode a WNK (with-no-lysine) kinase, a B-box zinc-finger protein and a DnaJ-domain protein, respectively. The expression patterns of EIP1, EIP6 and EIP9 were similar to that of EMF1, and EMF1-EIP1, EMF1-EIP6 and EMF1-EIP9 heterodimers were localized in the nucleus. In addition, eip1, eip6 and eip9 mutants flowered early and showed increased expression of flowering-time and floral organ identity genes, while EIP1-, EIP6-and EIP9-overexpressing transgenic plants showed late flowering phenotypes. Our results suggest that EMF1 interacts with EIP1, EIP6 and EIP9 during vegetative development to regulate flowering time in Arabidopsis.
Introduction
The life cycle of a plant is divided into two distinct stages of vegetative and reproductive development, with flowering being one of the most striking characteristics of the latter. In order to increase the production of flowers and progeny, plants usually delay flowering until body size has been built up during vegetative growth. Under appropriate environmental and physiological conditions, a plant undergoes the developmental transition from vegetative to reproductive stage with flowering times regulated by floral inducers and floral repressors (Araki 2001 , Sung et al. 2003 .
In Arabidopsis (Arabidopsis thaliana), molecular genetic analysis has identified multiple pathways regulating flowering time in response to environmental and endogenous signals (Simpson and Dean 2002, Amasino 2010) , as well as pivotal genes involved in integrating the various signals to induce flowering (Simpson and Dean 2002 , Amasino 2010 . Approximately a dozen floral repressors have been reported in Arabidopsis, and loss-of-function mutants in these genes result in early flowering (Sung et al. 2003) . The central regulators in the flowering repression are FLOWERING LOCUS C (FLC), TERMINAL FLOWER1 (TFL1), TFL2, SHORT VEGETATIVE PHASE (SVP), TARGET OF EAT1/2 (TOE1/2), SCHLAFMÜ TZE (SMZ) and CDC73 which delay the transition from the vegetative stage to flowering (Bradley et al. 1997 , Sheldon et al. 1999 , Hartmann et al. 2000 , Gaudin et al. 2001 , Aukerman and Sakai 2003 , Mathieu et al. 2009 , Yu and Michaels 2010 . Interestingly, several floral repressors have been shown to encode putative chromatin-remodeling-associated proteins in Arabidopsis (Pineiro et al. 2003 , Sung et al. 2006 , Gu et al. 2009 , Yu and Michaels 2010 .
Arabidopsis EMBRYONIC FLOWER (EMF) genes, EMF1 and EMF2, are considered as floral repressors because impairment in EMF genes results in the earliest flowering mutants (Sung et al. 1992 , Yang et al. 1995 . A weak emf1 mutant and nine emf2 mutants show extremely early-flowering phenotypes: they bypass vegetative growth and germinate directly into a small inflorescence that produces a few sterile flowers. In strong emf1 mutants, all lateral organs, including the cotyledons, differentiate into carpelloid structures (Sung et al. 1992 , Yang et al. 1995 , Chen et al. 1997 . EMF1, a plant-specific gene, encodes a 121 kDa protein and is predicted to be a transcriptional regulator containing nuclear localization signals (NLSs), phosphorylation sites, an ATP/GTP-binding motif (P-loop) and an LXXLL motif (Aubert et al. 2001) . EMF2 encodes a 71 kDa Polycomb Group (PcG) protein sharing the VEFS [VRN2-EMF2-FIS2-Su(z)12] domain with other PcG proteins such as VERNALIZATION2 (VRN2), FERTILIZATION INDEPENTENT SEED2 (FIS2) and Suppressor of zeste12 [Su(z)12] (Yoshida et al. 2001 , Chen et al. 2009 ).
According to a study in which the Affymetrix GeneChip was employed, even 7-day-old emf1 mutants that have the same organs as the wild-type seedlings (i.e. cotyledon, root and hypocotyl) with no reproductive organs showed high expression levels of many flower organ-related genes, suggesting that the EMF1 gene might directly suppress the expression of flower organ identity genes , Kim et al. 2010 . Moreover, recent chromatin immunoprecipitation (ChIP) studies have shown that EMF1 and EMF2 interact directly with the chromatin of flower homeotic genes, e.g. PISTILLATA (PI) and AGAMOUS (AG), during vegetative development in Arabidopsis (Calonje et al. 2008 , Kim et al. 2010 .
Although EMF1 has been reported to be a floral repressor, overexpression of EMF1 did not produce late flowering plants (Aubert et al. 2001) , suggesting that other proteins interacting with EMF1 might be necessary for floral repression by EMF1. Indeed, recent study has demonstrated that EMF1 interacts with MULTICOPY SUPPRESSOR OF IRA1 (MSI1), which is essential for gametophyte and seed development and is an FLC-independent activator of the floral transition (Bouveret et al. 2006 , Calonje et al. 2008 . MSI1 is also a member of the FIS complex, which is similar to the Drosophila Polycomb repressive complex PRC2 (Kohler et al. 2003) . Although MSI1 is an EMF1-interacting partner, msi1 mutants and MSI1 antisense transgenic plants did not show early-flowering phenotypes like emf1 mutants. Instead, the mutants showed a late flowering phenotype (Bouveret et al. 2006) , suggesting that EMF1 might interact with other protein(s) as well as MSI1.
In addition to the flowering process, other biological processes such as photosynthesis, hormone regulation and seed development are also affected by the emf1 mutation , Kim et al. 2010 . Moreover, the regulation of developmental stage-or tissue-specific expression of EMF1 revealed that EMF1 functions in various tissues such as embryo, shoot apex and leaf primordia, and during the seed development and vegetative development stages (Sanchez et al. 2009 ). These results suggest that EMF1 has pleiotropic effects on the regulation of various developmental processes and stages. The pleiotropic functions of EMF1 could be achieved through interactions with various proteins.
In this study, we identified and characterized three EMF1-interacting proteins (EIPs), EIP1, EIP6 or EIP9, that physically interact with EMF1 in the nucleus. The plants impaired in each of the EIP1, EIP6 or EIP9 genes showed an early-flowering phenotype, whereas transgenic plants overexpressing the three genes showed a later flowering phenotype. Our results suggest that EIP1, EIP6 or EIP9 forms heterodimers with EMF1 to regulate flowering time.
Results

Identification of EMF1-interacting proteins
To identify candidate proteins that interact with EMF1, we conducted yeast two-hybrid screening of Arabidopsis cDNA libraries of 3-day-old etiolated seedlings [CD4-22, Arabidopsis Biological Resource Center (ABRC)], and mature leaves and roots (CD4-10, ABRC) using the entire open reading frame (ORF) of EMF1 as bait. Thirty-eight colonies were initially obtained from 1.1 Â 10 6 yeast transformants screened by both a growth assay and a b-galactosidase filter assay. Plasmid DNAs with an activation domain (AD) were isolated from the positive yeast colonies and finally we selected 21 plasmid DNAs representing 11 individual genes. The 11 different EIPs were predicted to be proteins with various functions including with-no-lysine (WNK) kinase, DnaJ-domain protein, B-box zinc-finger protein, cysteine protease, actin-like protein, RING zinc-finger protein, FYVE zinc-finger protein, putative DNA-binding protein, ZEITLUPE, putative RAD23 and an unknown protein (Supplementary Table S1 ).
Since the isolated plasmid DNAs from nine EIPs among the selected 11 EIPs did not include the entire ORFs, we cloned the cDNAs of the entire ORFs into pGAD424, a GAL4 AD vector, to investigate the interaction between EMF1 and the entire ORFs of the EIPs. A yeast two-hybrid assay showed strong interactions between EMF1 and the entire ORFs of EIP1, EIP6, EIP8 and EIP9, based on the b-galactosidase filter assay, the growth assay and the quantitative b-galactosidase assay (Fig. 1A, Supplementary Table S2 ). Among these, EIP1, EIP6 and EIP9 that showed strong interaction with EMF1 were selected for further study.
EMF1 interacts with EIP1, EIP6 or EIP9 in vitro and in plant cells
To confirm the results of the yeast two-hybrid screen, we further tested the ability of EMF1 to interact with EIP1, EIP6 or EIP9 using in vitro pull-down and bimolecular fluorescence complementation (BiFC assays). The hemagglutinin (HA)-tagged EIP1 C-terminus and the glutathione S-transferase (GST)-tagged entire ORF of EIP6 were induced for the pull-down assay because the C-terminus of EIP1 showed strong interaction with EMF1 in yeast ( Supplementary Fig. S1 ). The immunoblot analysis showed that His-EMF1 interacts with the HA-tagged EIP1 C-terminus or GST-EIP6 (Fig. 1B) . These results support the results of the yeast two-hybrid assay showing that EMF1 interacts with EIP1 or EIP6. A pull-down assay for EIP9 was not conducted because a tagged EIP9 could not be induced in Escherichia coli (data not shown).
We next investigated the interactions between EMF1 and EIPs in plant cells by performing a BiFC assay. BiFC detects protein interactions in living cells by relying on the fluorescence from the split yellow fluorescent protein (YFP) peptide fragments that are brought into close proximity by the two interacting proteins to which they are fused (Walter et al. 2004) . When EMF1-YFP N was co-expressed with EIP1-YFP C , EIP6-YFP C or EIP9-YFP C , strong BiFC signals were predominantly observed in the nuclear compartment (Fig. 1C) . These results indicate that the protein-protein interactions between EMF1 and EIP1, EIP6 or EIP9 occur in the nucleus of Arabidopsis cells.
EIP1, EIP6 and EIP9 are predicted to encode a WNK kinase, a B-box zinc-finger protein and a DnaJ-domain protein, respectively
Sequence analysis revealed that EIP1, EIP6 and EIP9 were predicted to encode a WNK kinase, a B-box zinc-finger protein and a DnaJ-domain protein, respectively ( Fig. 2A) . EIP1 encodes a 64 kDa WNK kinase and has a highly conserved kinase domain at the N-terminal region with an NLS in it ( Fig. 2A) .
EIP6 encodes a 25 kDa protein containing one complete B-box zinc-finger domain ( Fig. 2A) . A total of 31 proteins with B-box zinc-finger domains including CONSTANS (CO) have been identified in Arabidopsis, which are subdivided into five classes, termed groups I-V, depending on the number of B-boxes and the existence of a CCT domain (Griffiths et al. 2003) . EIP6 was classified into group V, which includes only a B-box and does not have a CCT domain.
EIP9 encodes a 50 kDa protein belonging to the DnaJ family proteins ( Fig. 2A) . The DnaJ-domain consists of approximately 75 conserved amino acid residues and the DnaJ family has 91 members in Arabidopsis (Miernyk 2001) . DnaJ is also known as heat shock protein 40 (HSP40), which stimulates the ATPase activity of HSP70 (Sedbrook et al. 1999) . 
Domains of EMF1, EIP1, EIP6 and EIP9 responsible for the protein-protein interaction
To identify the domains of EMF1 responsible for the interactions with the EIPs, we constructed a set of GAL4 DNAbinding domain (BD)-EMF1 vectors including the N-terminal (amino acids 1-430), the middle (amino acids 211-687) and the C-terminal (amino acids 652-1,096) regions of EMF1 ( Fig. 2A) . The yeast two-hybrid assay showed that the middle and the C-terminal regions of EMF1 interacted with EIP6 or EIP9, whereas EIP1 only interacted with the middle region of EMF1 (Fig. 2B , C, Supplementary Fig. S1 ). However, the N-terminal region showed no interaction with either EIP1, EIP6 or EIP9 (Fig. 2B , C, Supplementary Fig. S1 ).
We also investigated the EMF1 motifs responsible for the interactions with the other eight EIPs, EIP2, EIP3, EIP4, EIP5, EIP7, EIP8, EIP10 and EIP11. The results of the yeast two-hybrid assay revealed that both the middle and the C-terminal regions of EMF1 showed interactions with all eight EIPs, while the N-terminal region of EMF1 only reacted with EIP7 (Supplementary Table S3 ). Our results indicate that most regions of EMF1 including the N-terminal, the middle and the C-terminal regions are involved in the protein-protein interactions with EIPs, and that the C-terminal region of EMF1 interacts with most EIPs.
To define the regions of EIP1, EIP6 and EIP9 required for the interactions with EMF1, the entire ORF, the N-terminal, the middle and the C-terminal regions of EIP1, EIP6 and EIP9 were cloned into pGAD424 (Fig. 3A ) and the interactions with the entire ORF of EMF1 were investigated using a yeast two-hybrid assay. We found that the C-terminal region of EIP1 and the N-terminal region of EIP6 are involved in the interaction with EMF1, whereas the entire ORF of EIP9 is necessary for the interaction with EMF1 (Fig. 3B, C, Supplementary Fig. S1 ). Both PWNK and coiled-coil domains in the C-terminal region of EIP1 were necessary for interaction with EMF1 while both the B-box domain (amino acids 1-41) and an additional region (amino acids that EIP1, EIP6 and EIP9 did not interact with each other, and that no ternary protein complexes containing EMF1 and any two of the three proteins EIP1, EIP6 and EIP9 were detected ( Supplementary Figs. S4, S5) . These results suggest that the interactions between EMF1 and EIP1, EIP6 or EIP9 occur independently.
Interestingly, the EMF1-EIP9 complex was dispersed in a granule-like pattern (Fig. 1C) , similar to that of EMF1 alone (Calonje et al. 2008) , while EMF1-EIP1 and EMF1-EIP6 did not show the granular pattern (Fig. 1C) . The different dispersion patterns also support our finding that the physical interactions between EMF1 and EIP1, EIP6 or EIP9 occur independently.
Expression patterns of EIP1, EIP6 and EIP9, and cellular localization of their proteins EMF1 is constitutively expressed throughout Arabidopsis development (Aubert et al. 2001 , Calonje et al. 2008 . If EIPs interact with EMF1, they should be co-expressed at the same time. Therefore, we analyzed the expression patterns of EIP1, EIP6 and EIP9 using transgenic plants harboring EIP1, EIP6 and EIP9 pro ::-glucuronidase (GUS) constructs as well as quantitative reverse transcription-PCR (RT-PCR). EIP1, EIP6 and EIP9 showed similar expression patterns to EMF1 during vegetative development (Fig. 4A, B) . Transcripts of EMF1, EIP1, EIP6 and EIP9 were hardly detectable at 4 days after germination (DAG), but were readily detected at 7, 11, 14 and 21 DAG (Fig. 4A, B) . In mature plants, the transcripts of EIP1, EIP6 and EIP9 were low in flower organs, but high in leaves (Fig. 4B) . In flowers, high promoter activities of EMF1, EIP1 and EIP9 were detected in the stigma (Fig. 4A) .
We also investigated the subcellular localization of EIPs using synthetic green fluorescent protein (sGFP) fusion proteins of EIP1, EIP6 and EIP9. The fusion proteins between sGFP and EIP1, EIP6 or EIP9 were transiently expressed in Arabidopsis protoplasts. The results revealed that EIP1 is localized in the nucleus, while EIP6 and EIP9 are present in both the cytoplasm and the nucleus (Fig. 5) .
eip1 and eip9 mutants showed early-flowering phenotypes
To investigate the biological functions of EIP1, EIP6 and EIP9 during vegetative development, we analyzed the phenotypes of T-DNA insertion mutants of EIP1, EIP6 and EIP9 from the SIGnAL Collection at the Salk Institute (Alonso et al. 2003) . Homozygous mutant lines were designated as eip1 (Salk_ 024887), eip6 (Salk_059534), eip9-1 (Salk_021078) and eip9-2 (Salk_059257) (Fig. 6A) . eip1 is the same as wnk8-1, a T-DNA insertional mutant of EIP1 that has been previously described (Wang et al. 2008) . Semi-quantitative RT-PCR analysis showed that the accumulation of their corresponding mRNA was abolished in these mutant lines (Fig. 6B) . The mutants of EIP1, EIP6 and EIP9 germinated like wild-type seedlings, and eip1/wnk8-1 and eip9 showed early-flowering phenotypes (Fig. 6C, D) , which are similar to the previously reported plants with reduced EMF1 activities (Aubert et al. 2001 , Sanchez et al. 2009 ). On the other hand, eip6 showed a slight early-flowering phenotype compared with wild-type plants (Fig. 6C, D) .
To investigate the transcript levels of flowering-time genes and floral organ identity genes in eip1/wnk8-1 and eip9, quantitative RT-PCR analysis was performed. A previous report showed that mRNA levels of flowering-time genes such as EARLY FLOWERING4 (ELF4), TIMING OF CAB EXPRESSION 1 (TOC1), CO and FLOWERING LOCUS T (FT) increased in eip1/wnk8-1 compared with wild-type plants (Wang et al. 2008) . Our results showed that the transcript levels of SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1), PI and AG as well as CO and FT also increased in eip1/wnk8-1 rosette shoots (Fig. 7) . In addition, consistent with the early-flowering phenotype of eip9, the transcript levels of FT, PI and AG increased significantly in eip9 rosette shoots, while CO and SOC1 transcript levels showed a slight increase in eip9 rosette shoots (Fig. 7) .
To analyze the genetic interactions between EMF1 and EIP1, EIP6 or EIP9, eip1/wnk8-1, eip6 and eip9 double mutants were obtained by crossing emf1-1 with eip1/wnk8-1, eip6 or eip9, and confirmed by PCR-based genotypic analysis. The result showed that the phenotypes of double mutants were almost the same as that of emf1-1, suggesting that emf1 is epistatic to eip1/ wnk8-1, eip6 and eip9 with regard to the control of flowering time ( Supplementary Fig. S6 ).
EIP1-, EIP6-or EIP9-overexpressing plants showed late-flowering phenotypes
To confirm the function of EIP genes in the regulation of flowering, we constructed and selected transgenic plants overexpressing the EIP1, EIP6 or EIP9 gene under control of UBQ10 or the cauliflower mosaic virus (CaMV) 35S promoter ( Supplementary Fig. S7 ). EIP1-, EIP6-or EIP9-overexpressing plants showed late flowering phenotypes without obvious change in vegetative phenotype (Fig. 8A, B) . The earlyflowering phenotypes of mutants and the late-flowering phenotypes of overexpressing plants suggest that EIP1, EIP6 and EIP9 are involved in regulation of flowering time in Arabidopsis.
Discussion
To study the molecular mechanism of EMF1-mediated vegetative development, we performed a yeast two-hybrid screen and identified 11 EIPs and further characterized three EIPs. Our results revealed that EMF1 interacts with at least three EIPs, EIP1, EIP6 and EIP9, to maintain vegetative development in Arabidopsis.
Our findings show that EMF1 physically interacts with the 11 EIPs which are putatively involved in protein phosphorylation and degradation, transcriptional regulation and signal transduction (Supplementary Table S1 ). The C-terminal region of EMF1 plays an important role in the interaction with most EIPs. EIPs might compete to bind to the C-terminal region of EMF1 for interactions with EMF1; however, it is not clear whether the interactions between EMF1 and EIPs occur in a sequential manner or in different cells. In addition to EIPs, EMF1 interacts with MSI1, a component of PRC2 (Calonje et al. 2008) , and EMF1 regulates developmental stages and stress response pathways (Sanchez et al. 2009 , Kim et al. 2010 ). These results suggest that EMF1 interacts with various proteins and has pleiotropic effects during plant development. EIP1, EIP6 and EIP9 are predicted to encode a WNK kinase, a B-box zinc-finger protein and a DnaJ-domain protein, respectively. WNK kinases have been found in numerous eukaryotes, but not in yeast, indicating that they are restricted to multicellular organisms (Verissimo and Jordan 2001, Xu et al. 2002) . WNKs are a protein kinase subfamily with a unique placement of the lysine that is involved in binding ATP and catalyzing phosphoryl transfer (Xu et al. 2000) and have a conserved kinase domain that strongly resembles MAPKKKs (mitogen-activating protein kinase kinase kinases; Nakamichi et al. 2002) . There are 10 WNKs in Arabidopsis, and EIP1 is also known as WNK8 (Nakamichi et al. 2002) . EIP1/WNK8 possesses a plant-specific WNK (PWNK) motif (amino acids 358-423) in the C-terminal region (Nakamichi et al. 2002) . The C-terminal region of EIP1/WNK8 including the PWNK motif is necessary for the interaction with EMF1 (Fig. 3,  Supplementary Fig. S1 ), suggesting that the PWNK motif plays an important role in the protein-protein interaction. Recent study has shown that mutation in the EIP1/WNK8 gene causes an early-flowering phenotype and EIP1/WNK8 functions upstream of EDM2 and regulates floral transition by directly interacting with EDM2 (Wang et al. 2008, Tsuchiya and Eulgem 2010) . Mutation in EDM2 results in late flowering as a result of increased levels of FLC. Therefore, EIP1/ The expression levels of flowering time genes and floral organ identity genes in eip1 and eip9 mutants. Quantitative RT-PCR analysis of CO, FT, SOC1, PI and AG in eip1 and eip9 rosette shoots from 24-day-old plants. GAPc was used as an internal control. The transcript level in the wild-type plants was set to 1. Reactions were performed in triplicate. Similar results were obtained from at least two independent experiments. Data shown are the means ± SD (n = 3).
WNK8 appears to act as a negative regulator of flowering by counteracting EDM2-mediated suppression of FLC expression and not as a direct regulator of FLC. Potentially, EIP1/WNK8, a serine/threonine kinase, could regulate EMF1 activity by phosphorylating some of the 92 potential phosphorylation sites, including 47 in the middle region, of EMF1 (Supplementary  Table S4 ). However, further studies are necessary to determine whether EMF1 is phosphorylated by EIP1/WNK8 or not. EIP6 has a B-box zinc-finger domain with seven potential zinc-binding residues at the N-terminal region ( Fig. 2A) , which is also found in a floral inducer, CO (Griffiths et al. 2003) . In animals, the B-box domain is involved in protein-protein interactions (Borden 1998, Torok and Etkin 2001) . In plants, the function of the B-box domain has not been well elucidated, yet. Recently, it was reported that the B-box domains of Arabidopsis CO were necessary for the interaction with octopine synthase-element-binding factor 4 (OBF4), which regulates FT expression through formation of a protein complex with CO (Song et al. 2008) . Like CO, the B-box domain of EIP6 is necessary for interaction with EMF1 (Fig. 3,  Supplementary Fig. S3 ), indicating that the plant B-box domain plays a protein interaction role similar to that of the animal B-box.
EIP9 encodes a protein with a DnaJ-domain ( Fig. 2A) . DnaJ-domain proteins are known to be involved in protein folding, protein assembly, disassembly and translocation into organelles (Lu et al. 2006) , and, recently, a DnaJ domain protein, J3, was reported to integrate flowering signals from several genetic pathways to up-regulate SOC1 and FT during the floral transition (Shen et al. 2011) . Several DnaJ proteins have also been reported to play roles in the repression of gene expression by chromatin modification Brock 2003, Dai et al. 2005 ). Droj2, a Drosophila DnaJ-domain protein, is involved in PcG-mediated silencing of homeotic gene expression (Wang and Brock 2003) . A mammalian DnaJ protein, Mrj, has a molecular chaperone function as a repressor of gene expression by facilitating active repression in association with a chromatin remodeling factor such as histone deacetylase (Dai et al. 2005) . In our study, the EMF1-EIP9 dimer showed a granule-like distribution in the nucleus (Fig. 1C) , similar to that of EMF1 alone (Calonje et al. 2008 ) and animal PcG proteins (Zhang et al. 2004 , Hernandez-Munoz et al. 2005 . It is possible that EIP9 might act together with EMF1 to mediate epigenetic regulation of gene repression.
Despite the common localization of the three heterodimers, EIP1/WNK8, EIP6 and EIP9 do not interact with each other and no ternary protein complexes containing EMF1 and two of the three EIPs were detectable in our studies ( Supplementary Figs. S4, S5 ). This may indicate that EMF1 interact independently with these proteins in a sequential manner, or in different cells. The different distribution patterns, granule-like patterns of EMF1-EIP9 and even patterns of EMF1-EIP1/WNK8 and EMF1-EIP6, also support the idea that the interactions between EMF1 and EIP1/WNK8, EIP6 or EIP9 occur independently. However, it is still possible that protein complexes containing EMF1, EIPs and other proteins might be formed. Further studies such as yeast three-hybrid screens using EMF1-EIP dimers as baits are needed to define the protein complexes.
Similar temporal and spatial expression patterns of EMF1, EIP1/WNK8, EIP6 and EIP9 (Fig. 4A, B) support the notion that EIP1/WNK8, EIP6 and EIP9 interact with EMF1. The earlyflowering phenotype of T-DNA tagging mutants and the late-flowering phenotype of overexpressing transgenic plants confirmed the involvement of EIP1/WNK8, EIP6 and EIP9 in the regulation of flowering time (Figs. 6, 8) . This is consistent with the elevated expression of FT, AG and PI in eip1/wnk8-1 and eip9 mutants (Fig. 7) .
Double mutants between emf1 and eip1/wnk8-1, eip6 or eip9 showed almost the same phenotype as emf1 ( Supplementary  Fig. S6 ). emf1 mutants show very severe phenotypes, which directly germinate into a small inflorescence with a terminal flower that lacks petals and is sterile, bypassing rosette growth (Sung et al. 1992) . This indicates that the mutation of EMF1 affects plant growth from a very early vegetative developmental stage. In contrast, eip1/wnk8-1 and eip9 mutants did not show the extreme early-flowering phenotype found in emf1 mutants (Fig. 6) . These results suggest that the interactions between EMF1 and EIP1/WNK8 or EIP9 do not play essential roles during early vegetative development. It is possible that EMF1 interacts with other proteins during the early vegetative development.
In summary, the early-flowering phenotypes of mutants, the late-flowering phenotypes of overexpression transgenic plants, the similar gene expression patterns and the in vitro and in vivo interaction with EMF1 suggest that EIP1/WNK8, EIP6 and EIP9 interact with EMF1 to regulate flowering time in Arabidopsis.
Materials and Methods
Plant materials and growth conditions
Arabidopsis plants were of the ecotype background Columbia. Arabidopsis seeds were surface-sterilized and water-imbibed in the dark for 3 d at 4
C. The seeds were sown on 0.7% (w/v) agar plates containing half-strength MS medium (Murashige and Skoog 1962) supplemented with B5 vitamins and 1.5% (w/v) sucrose, and were then grown at 22 C under 8 h light/16 h dark cycles. One-week-old seedlings were transferred into soil and grown at 22 C under 16 h light/8 h dark cycles. Flowering time was measured by counting the number of rosette leaves of at least 20 plants when they bolted.
Plasmid construction
The vectors for yeast two-hybrid experiments, pull-down assay, sGFP fusion, BiFC assay and promoter::GUS transgenic plants were constructed as described in Supplementary Materials and Methods.
Yeast two-hybrid experiments
For a yeast two-hybrid screen, the pBDGAL4-EMF1 construct was transformed into a yeast strain, YD116, which carries GAL1 pro ::URA3 and UAS pro ::lacZ reporters for reconstituted GAL4 activity. Then, the Arabidopsis cDNA libraries (CD4-10 and CD4-22, ABRC) were transformed into YD116 containing pBDGAL4-EMF1. A yeast two-hybrid screen was performed using the MATCHMAKER Two-Hybrid System (Clontech) according to the manufacturer's instructions.
For the yeast two-hybrid assay, constructs were transformed into YD116. Transformants including both BD fusion and AD fusion vectors were selected on SM-Trp-Leu. Protein-protein interactions were confirmed by a growth assay on SM-Trp-Leu-Ura, a b-galactosidase filter assay and a quantitative b-galactosidase assay using 2-nitrophenyl-b-D-galactopyranoside (ONPG) as a substrate. The quantitative b-galactosidase assay was performed as previously described (Seok et al. 2010 ) and the unit of b-galactosidase activity was calculated using the formula: 1,000 Â OD 420 /(OD 600 Â assay time in min Â assay volume in ml).
Pull-down assays
The HA-taggged EMF1 C-terminal region and GST-EIP6 were induced using an E. coli strain, BL21 (DE3), as previously described (Glynn et al. 2008) . The His-tagged EMF1 middle region and His-tagged EMF1 C-terminal region were translated in vitro using a TNT T7 transcription/translation system (Promega). In vitro interactions between EMF1 and EIP1 or EIP6 were assayed using Ni-NTA magnetic agarose beads according to the manufacturer's instructions (Qiagen). The presence of the HA-tagged EIP1 C-terminus and GST-EIP6 was examined by SDS-PAGE followed by Western blot analysis with anti-HA or anti-GST antibodies.
Transient gene expression in Arabidopsis protoplasts and onion epidermal cells
To investigate the cellular localization of EMF1, EIP1, EIP6 and EIP9 in Arabidopsis protoplasts, polyethylene glycol (PEG)-mediated protoplast transformations were performed according to the method described by Sheen (2001) .
For the study of in vivo interactions in onion (Allium cepa) epidermal cells using a BiFC assay, onion transformation was performed by particle bombardment as described previously (Kinkema et al. 2000) . Onion peel was bombarded with DNA-coated M-17 tungsten particles (Bio-Rad) using a Gene Gun II (Bioneer). After bombardment, Petri dishes containing the discs were sealed with Parafilm and placed in a 22 C incubator for 24 h prior to observation.
Plant transformation and selection of transgenic plants
The constructs for plant expression were transformed into Agrobacterium tumefaciens strain GV3101 (pMP90) by the freeze-thaw method (Hofgen and Willmitzer 1988) and then transformed into Arabidopsis using the floral dipping method (Clough and Bent 1998) . Transgenic plants were selected on medium containing 25 mgl À1 kanamycin.
GUS activity analysis
GUS activity was detected histochemically using a protocol adapted from a previous report (Jefferson et al. 1987 ) with slight modifications. Briefly, the tissue was incubated in 2 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid in 50 mM phosphate buffer (pH 7.0) containing 0.5 mM K 3 Fe(CN) 6 and 0.5 mM K 4 Fe(CN) 6 for 6 h at 37 C. The tissue was then rinsed with 50 mM phosphate buffer, fixed, and cleared with ethanol (100%) : acetic acid (9 : 1, v/v) overnight at room temperature.
Semi-quantitative RT-PCR and quantitative RT-PCR
Total RNA was isolated using Tri Reagent (Molecular Research Center), and cDNA synthesis was performed as previously described (Park et al. 2008) .
For semi-quantitative RT-PCR, PCR of 33 cycles was repeated for EIP1, EIP6 and EIP9, and 24 cycles for GAPc (glyceraldehyde 3-phosphate dehydrogenase). The number of PCR cycles selected was shown to be in the linear range of the amplification reaction. GAPc was amplified in the same tube as each gene studied as an internal control. The reaction included an initial 5 min denaturation at 94 C, followed by repeated cycles of 94 C for 40 s, 56 C for 40 s, 72 C for 40 s and finally 10 min at 72 C. The primers used for the PCRs are shown in Supplementary Table S5 .
Diluted cDNA was used as a template for quantitative RT-PCR using a StepOne real-time PCR system (Applied Biosystems). Each 20 ml reaction mix contained 10 ml of 2Â POWER SYBR Green PCR Master mix and 0.5 mM gene-specific primers. Real-time DNA amplification was analyzed using the StepOne software (version 2.1). The normalized amount of the target reflects the relative amount of target transcripts with respect to the endogenous reference gene GAPc. The reaction included an initial 10 min denaturation at 95 C, followed by repeated cycles of 95 C for 15 s, 56 C for 15 s and 72 C for 15 s. The primers used for the PCRs are shown in Supplementary  Table S5 .
Generation of double mutants
For emf1-1eips double mutants, emf1-1 heterozygous plants and eips (eip1, eip6 and eip9-1) homozygous plants were crossed. The F 1 plants selfed, and the F 2 segregating progeny were subjected to PCR-based genotyping. Genomic DNA extracted from the segregating progeny was used to amplify the region containing the mutation site for emf1-1, eip1, eip6 or eip9.
Supplementary data
Supplementary data are available at PCP online.
